Abstract-The ever-increasing demand for high-processing compact electronic systems has unequivocally called for improved microprocessor performance. However, increasing microprocessor performance requires increasing power and on-chip power density, both of which are associated with increased heat dissipation. Electronic cooling using fin has been identified as a reliable cooling approach in miniaturized electronic systems. However, an investigation into the thermal behavior of fin would help in the design of miniaturized, effective heatsinks for reliable microprocessor cooling. The aim of this paper is to investigate the simultaneous effects of surface roughness, porosity, and magnetic field on the performance of a porous microfin under a convective-radiative heat transfer mechanism. The developed thermal model considers variable thermal properties according to linear, exponential, and power laws, and is solved using the Chebychev spectral collocation method. A parametric study is carried out using the numerical solutions to establish the influences of porosity, surface roughness, and the magnetic field on the microfin thermal behavior. The results of the simulation establish that thermal efficiency of the microfin is significantly affected by the porosity, magnetic field, geometric ratio, nonlinear thermal conductivity parameter, thermogeometric parameter, and the surface roughness of the microfin. Furthermore, the study establishes that the fin efficiency ratio which is the ratio of efficiency of the rough fin to the efficiency of the smooth fin is found to be greater than unity when the rough and smooth fins of equal geometrical, physical, thermal, and material properties are subjected to the same operating condition.
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I. INTRODUCTION
T HE semiconductor industry has witnessed a revolutionary increase in the past few decades leading to the development of high-processing computing and electronic systems. This evolution has subsequently seen a rising demand for various high-performance computers and electronic systems. One key component in the middle of this evolutionary development is the microprocessor. Following Moore's law [1] , recent microprocessors are designed with doubled transistor density every two years to achieve increased performance and increased on-chip power density with each new technology generation [2] . In addition, recent computing and electronic systems are designed to trade off volume with efficiency to achieve miniaturized packaging. One major consequence of such design requirement is the building of excess heat within the thermal components and especially from the microprocessor of most smart electronic systems. Consequently, an inefficient removal of excess heat would result in the buildup of heat around the electronic circuitry which would lead to malfunction and eventual damage of the system. However, one key approach to achieve miniaturized yet efficient heat dissipating electronic systems is to enhance the thermal performance of the device through an increase in the heat transfer between the device surface and its environment using fins. Fins are passive extended surface used to enhance heat dissipation from the thermal surface of electronic systems through natural convection, normally with air as the cooling medium for electronic cooling. Electronic cooling using fin gained its popularity following the work of [3] , and its subsequent practical application in various electronic and mechanical systems validate its viability as a reliable heat dissipation approach. To this end, different authors have carried out various studies on fin thermal performance. In [4] , the method of least squares is applied, while Rezazadeh Amirkolaei et al. [5] applied the homotopy analysis method to study the effects of uniform magnetic field on the heat transfer characteristics of the rectangular fin. In [6] , the spectral element method is applied, while Das [7] applied the forward and inverse solutions to study the thermal performance of the fin under a conductiveconvective-radiative environment. Moreover, Oguntala and Abd-Alhameed [8] and Oguntala et al. [9] applied Haar wavelet collocation to carry out parametric studies on the thermal performance, thermal stability, and design analyses of a porous fin with temperature-dependent thermal properties and internal heat generation.
Nonetheless, the development of most modern highprocessing, compact electronic systems is often accompanied by various thermal challenges. As a result, intense research in effective thermal management using electronic cooling for various electronic systems under different operating conditions and parameters has been carried out in [10] - [13] . One key finding of these investigations is the consideration of surface roughness of the fin as a viable approach to improved thermal management [14] , [15] . Therefore, several authors investigate the effect of surface roughness on the fin thermal performance. In [16] , a study on the effects of the random rough surface on the thermal performance of microfin is presented. Díez et al. [17] applies the power series to analyze the thermal performance of rough microfins of three different profiles such as hyperbolic, trapezoidal, and concave. The investigations in [16] and [17] only consider the thermal performance of conductive-convective fins, while basing their works on the assumption of constant thermal properties. However, such an assumption is not valid when a large temperature difference exists between the fin base and its tip.
To the best of the author's knowledge, there is no established literature either experimental or theoretical that investigates the thermal behavior of rough surface microfin with variable thermal conductivity operating under a convective-radiative heat transfer with practical application to microprocessor cooling.
Therefore, the purpose of this paper is to investigate the simultaneous effect of surface roughness, porosity, and magnetic field on the performance of porous microfins under a convective-radiative heat transfer mechanism. The developed thermal models are solved numerically using Chebychev spectral collocation method (CSCM). Parametric studies are carried out using the numerical solutions of CSCM to establish the effects of porosity, surface roughness, and magnetic field on the microfin thermal behavior.
The rest of this paper is organized as follows. In Section II, we formulate the fin problem. The modeling of the fin surface roughness is presented in Section III. In Section IV, we present the Chebyshev spectral collocation technique and applied it to the developed models. The fin efficiency is highlighted in Section V, while the fin optimization is discussed in Section VI. Section VII provides the results of the parametric study using the present approach. Finally, the conclusions of the present investigation are presented in Section VIII. Fig. 1 shows a heat sink of a microprocessor board made up of microfin with surface roughness and porosity.
II. FORMULATION OF THE PROBLEM
The fin is of the following dimensions: length L, thickness t, and is exposed on both faces and subjected to a convectiveradiative environment at temperature T a . Assume no thermal contact resistance exists at the base of the fin and the fin tip is of adiabatic. In addition, the temperature of the fin is assumed invariant with time for 1-D heat flow; therefore, the governing equations for the heat transfer in the fin as established in [18] could be expressed as
The boundary conditions are given as
The thermal conductivity of the micropin porous fins varies linearly as found in [19] and is given as
and exponentially as
Substituting (3a) and (3b) into (1) becomes If the thermal conductivity varies exponentially according to the law k(T ) = k a,eff e λ(T −T ∞ ) , then we have
III. MODELING OF SURFACE ROUGHNESS
Assume that the microfins surface roughness is random and obeys the Gaussian probability distribution in the angular and longitudinal directions as shown in Figs. 2 and 3. Such an assumption is in agreement with the established work of [16] and [17] and from [17] it can be shown thatĀ
where for a smooth perimeter, P(x) = 2γr (x)
and the mean for the absolute surface slope for roughness component is given as
Taking the relative roughness as E, we can define the roughness ratio as
On substituting (11) into (6), we havē
On substituting (7), (8), (9), and (12) into (5), we derive the energy equation for the rough microfin as
For cylindrical coordinate, A c is constant; therefore,
Substituting (14) into (13) gives
Also, for the rough microfins with exponentially varying thermal conductivity, we have
For cylindrical coordinate, we arrived at
However, as established in [18] 
By substituting (18) into (8), while taking the magnetic term as a linear function of temperature, we have r c (x) = r b , P(x) = 2γr b and A c (x) = γr 2 b and on substituting these expressions in (17) , we obtain
Introducing the following dimensionless parameters of (21) into (19) and (20):
we arrived at the dimensionless governing equations as for the rough microfin with linearly varying and exponentially varying thermal conductivity, respectively, as
After expanding (22), we obtain
And the dimensionless boundary conditions are
If the fin is smooth and the thermal conductivity varies linearly, we have
For the smooth fin with exponentially varying thermal conductivity
The dimensionless boundary conditions are given as
In this paper, the geometric ratio is given as ξ = (r/L).
IV. APPLICATION OF CHEBYSHEV COLLOCATION SPECTRAL METHOD
The development of exact analytical solutions for (22)- (26) is very difficult if not an undaunting task. This is due to the nonlinearity of these expressions. Therefore, an alternative method of solution, the numerical method using CSCM is applied in this paper. The basic definition of the method and its detailed procedures can be found in [20] .
Making a suitable transformation to map the physical domain [0, 1] into a computational domain [−1, 1], we have
and
In the same way, the transformation for the smooth microfin was done.
Here, the boundary conditions are
The boundary conditions are
Equations (30) and (31) give systems of algebraic equations which are solved using Newton's iterative method.
V. FIN EFFICIENCY
The improved thermal performance of the microfin with surface roughness can be established from the fin efficiency as this is a key performance indicator of any thermal enhancement device. Following the definitions from [21] , we express the efficiency of the fin as (34), shown at the bottom of this page.
Applying the dimensionless parameters, it can be shown that the dimensionless form of efficiency is given as (35), shown at the bottom of this page.
Thus, the ratio of the efficiency of the rough fin to the smooth fin can be stated as
VI. FIN OPTIMIZATION
It is established that fin optimization could be achieved either by minimizing the volume (weight) for any required heat dissipation or by maximizing the heat dissipation for any given fin volume [22] - [28] . In the present analysis, we adopt the approach of maximizing the heat dissipation for any given fin volume. By definition, the constant fin volume can be defined as V = A c b. Therefore, the heat dissipation per unit volume is developed as
(34)
Equation (37) can be written as
where
on substituting the dimensionless parameters of (21) in (38), we arrive at its dimensionless form in (39)
VII. DISCUSSION
Figs. 4-13 show the graphical representation of the parametric study. The effects of geometrical ratio and nonlinear thermal conductivity variable on the temperature distribution and consequently on the heat dissipation capacity of the rough microfin are shown in Fig. 4(a) and (b) , although increase in the nonlinear thermal conductivity parameter causes an increase in the temperature distribution. It could be seen from Fig. 4(a) and (b) that as the geometrical ratio increases, the temperature of the microfin drops further which depicts enhanced thermal performance in the fin.
The effects of porosity on the temperature of the fin are shown in Fig. 5(a) and (b) . As indicated in Fig. 5(a) and (b) , the fin temperature decreases rapidly as the porous parameters increases. This is because as the permeability of the porous fin increases, the porous parameter increases. Moreover, as permeability variable increases, the ability of the surrounding or cooling fluid around the fin increases to penetrate more through the fin pores, thereby increasing the buoyancy effect, which consequently increases the heat transferred through the fin. Fig. 6 (a) and (b) highlights the effects of the magnetic parameter, i.e., the Hartmann number on the performance of the microfin. From Fig. 6(a) and (b) , increase in the Hartman number enhances the performance of the fin. The improved thermal behavior of the fin is due to the fact that as the magnetic field parameter increases, it increases the magnetic force which invariably increases the magnetic field strength and the convective heat transfer mechanism. The presence of the magnetic field affects the buoyancy force to increase by increasing the coefficient of heat transfer, making the fin to transfer more heat by the convective and radiative mechanism. In addition, the direction of the magnetic field is transverse. This affects the convection near the fins by increasing the rate of convective heat transfer. Convective heat transfer coefficient increases locally in the region where the magnetic field exists. The convective heat transfer coefficient is directly proportional to the velocity of the fluid surrounding the fin, while the transverse magnetic field increases the velocity of the fluid surrounding the fin which consequently increases the convective heat transfer coefficient. Therefore, through the enhanced convective heat transfer coefficient, the magnetic field increases the convection process by increasing the velocity of the fluid surrounding the fin and subsequently increases the rate of convective heat transfer. This in effect results in enhanced heat transfer from the fin and consequently improves the thermal performance of the fin. Thus, from the parametric analysis, we established that increase in the magnetic field improves the fin efficiency due to an increase in convective heat transfer. This finding agrees with the works of [4] and [5] .
The influence of convective heat transfer and magnetic field can be recorded at either a low-or high-temperature process. However, the radiative heat transfer will be dominant when there is a relatively high-temperature difference between the fin and its surroundings. Although the percentage contribution of the magnetic field, convective, and radiative heat transfer in the heat transfer process is not fixed values for all the cases considered, in this paper, we have used a scenario to show the contribution of the radiation component as depicted in Fig. 7 . Fig. 8 (a) and (b) shows the effect of the radiative parameter on the fin thermal behavior. From Fig. 8(a) and (b) , it is established that the presence of radiative heat transfer increases the performance of the fin. In addition, the effects of thermal conductivity of the rough microfins on temperature distribution with varying thermogeometric parameter of 0.5 and 1 are shown in Fig. 9(a) and (b) .
From Fig. 9 (a) and (b), we show that the increased nonlinear thermal conductivity parameter reduces the rate of heat transfer in the microfin, i.e., as the temperature of the fin drops, the value of the nonlinear thermal conductivity parameter increases. This trend is recorded for the study of the effect of the thermogeometric parameter on the thermal performance of the fin as shown in Figs. 10 and 11 . Furthermore, this result also represents the effects of increased thermal conductivity using different materials for determining the performance of the fin.
Using the heat dissipated through the fin as a performance indicator, it can be inferred from Figs. 9(a) and (b) and 10(a) and (b) that the thermal conductivity parameter significantly affects heat transferred at the base of the fin. Moreover, the rate of heat transfer increases as the thermal conductivity parameter increases. Effects of convective, magnetic, and radiative parameter on fin temperature.
Figs. 11 and 12 show that the geometric ratio, nonlinear thermal conductivity parameter, and the surface roughness of the microfin significantly affect the thermal efficiency of the microfin. This establishes that the geometric ratio and surface roughness of the fin enhance the thermal performance of the fin. Moreover, the result shows that the artificial rough surface creates a thin or thick layer on the fin; depending on the thickness of the roughness, and the base of the rough fin. Nonetheless, this layer increases the thermal resistance of the solid-fluid interface with the heat flow resulting in higher temperature at the surface of the fin. Figs. 13 and Fig. 14 show the effects of thermal conductivity and surface roughness on the fin efficiency ratio. Fin efficiency ratio which describes the ratio of the efficiency of the rough fin to the efficiency of the smooth fin is shown in Figs. 13 and 14 to be greater than unity. This shows improved thermal performance in the rough fin compared to the smooth fin. In addition, the fin surface roughness increases the thermal efficiency of the fin due to increase in temperature uniformity in the rough fin. This consequently causes an increase in the temperature difference between the rough microfin and the bulk temperature.
Based on using the approach of maximizing the heat dissipation for any given fin volume, the variation of the in Fig. 15 . From Fig. 15 , the heat transfer first increases and then falls as the fin length increases. This establishes that the optimum fin length increases as β increases. In Fig. 16 , the optimum dimensions of the fin for different values of thermal conductivity parameter are presented. It is worth noting to state that we apply the boundary condition in (2) at the tip of the fin for computational simplicity while accuracy remaining unaffected, although in a practical situation, the fin tip may be either convective or convectiveradiative. However, the study shows that for a relatively short cooling fin operating in a prolonged period or at steady state, Fig. 12 .
Effects of thermal conductivity and surface roughness on the efficiency of the microfin. the adiabatic/hypothetical condition (or negligible heat transfer) at the tip can be assumed without any significant loss in accuracy or equality compared to the convective condition at the tip. This we show through our new analysis is shown in Table I . From Table I , the results of the convective tip and the assumed insulated tip with negligible heat transfer are presented. Table I shows that for relatively short fin operating under a steady state, the assumption of insulated tip (or negligible heat transfer at the tip) predicts almost the same results as there is no significant difference between the results of the assumed insulated tip and convective tip. The results presented in Table I support why most previous published work assumes adiabatic condition or condition of negligible heat transfer at the tip of the fin.
Therefore, for relatively short fin operating under a steady state, the fin tip heat convection analysis becomes meaningless due to the infinitesimally small dissipating area. However, the results obtained for some ranges of thermal and geometric parameters (which are not focus of this paper) indicate that the temperature distribution and the rate of heat transfer from the fin to its surroundings include a relatively large error for the convective tip conditions. Furthermore, the results presented in Table II establish the accuracy of the present method. From Table I , we show that CSCM agrees excellently well with the established numerical results using fourth-order Runge-Kutta with shooting method and with the result of the approximate analytical method using homotopy perturbation method established in [19] .
VIII. CONCLUSION
In this paper, a numerical investigation of the simultaneous effects of artificial surface roughness, porosity, and magnetic field on the performance of rough porous microfins of microprocessors in a convective-radiative environment is carried out using CSCM. The numerical solutions of the developed thermal models are used to conduct the parametric analysis and to establish the thermal performance enhancement of the rough fins over the existing smooth fins. The results show the effects of porosity, applied magnetic field, geometric ratio, and the surface roughness in enhancing the thermal performance of the fin in a convective-radiative environment. However, the performance of the fin decreases when it operates only in a convective environment. Furthermore, the investigation established that the fin efficiency ratio is greater than unity for the rough surface fin when the rough and smooth fins are subjected to the same operational conditions using the same geometrical, physical, thermal, and material properties. The practical implication of the present investigation is that improved thermal management of miniaturized electronic systems could be achieved when rough surface fins with porosity under the influences of the magnetic field is applied.
